Abstract: Twin studies have found that global brain volumes, including total intracranial volume (ICV), total gray matter, and total white matter volumes are highly heritable in adults and older children. Very little is known about genetic and environmental contributions to brain structure in very young children and whether these contributions change over the course of development. We performed structural imaging on a 3T MR scanner of 217 neonatal twins, 41 same-sex monozygotic, 50 same-sex dizygotic pairs, and 35 ''single'' twins-neonates with brain scans unavailable for their co-twins. Tissue segmentation and parcellation was performed, and structural equation modeling was used to estimate additive genetic, common environmental, and unique environmental effects on brain structure. Heritability of ICV (0.73) and total white matter volume (0.85) was high and similar to that described in older children and adults; the heritability of total gray matter (0.56) was somewhat lower. Heritability of lateral ventricle volume was high (0.71), whereas the heritability of cerebellar volume was low (0.17). Comparison with previous twin studies in older children and adults reveal that three general patterns of how heritability can change during postnatal brain development: (1) for global white matter volumes, heritability is comparable to reported heritability in adults, (2) for global gray matter volume and cerebellar volume, heritability increases with age, and (3) for lateral ventricle volume, heritability decreases with age. More detailed studies of the changes in the relative genetic and environmental effects on brain structure throughout early childhood development are needed. Hum Brain Mapp 00:000-000,
INTRODUCTION
There has been a great deal of recent interest in using twins to understand the contributions of genetic and environmental factors to brain structure and morphology in adults. Overall, studies have found that global brain volumes (total intracranial, total gray, total white) are highly heritable (reviewed in Schmitt et al. [2007a] and Peper et al. [2007] ). For example, Baaré et al. [2001b] found that variance in whole brain, gray matter, and white matter volumes was all strongly influenced by genetic factors (0.90, 0.82, and 0.88, respectively) . There is some evidence of differential heritability in cortical regions. Geschwind et al. [2002] found reduced heritability of the occipital lobe (0.28) compared to other cortical lobes (0.40-0.56). Voxelbased approaches find high levels of genetic influence in frontal and Broca's and Wernicke's areas [Thompson et al., 2001] and in frontal cortex, Heschl's gyrus, and left occipital and left posterior cingulate [Hulshoff Pol et al., 2006] . Hulshoff Pol et al. [2006] also found high heritability in the white matter density of the corpus callosum, corticospinal tract, superior occipital-frontal fascicle, and optic radiation. A recent diffusion tensor imaging study found overall high heritability of lobar fractional anisotropy as well [Chiang et al., 2009] . In contrast to tissue volumes, lateral ventricle volume has low heritability [Baaré et al., 2001; Wright et al., 2002] and may be a marker of both shared and nonshared environmental events that influence brain development.
In studies of elderly twins, heritability estimates for total brain volume are similar to those described in studies of younger adult twins [Geschwind et al., 2002; Pfefferbaum et al., 2000] , evidence that either genetic factors determine initial brain structure and that aging has similar effects on this original similar structure, or that genetic factors similarly influence the aging process, or a combination of both [Geschwind et al., 2002] .
To date, there have been two twin studies in typically developing children [Peper et al., 2009; Wallace et al., 2006] . These reports indicate that overall heritability of global structures in children are similar to those observed in adults, with heritability estimates for total cerebral volume of 0.89-0.91, gray matter volume 0.77-0.82, and for white matter volumes of 0.84-0.85 [Peper et al., 2009; Wallace et al., 2006] . Heritability estimates for the lateral ventricle was also very low at 0.31-0.35. A multivariate analysis revealed that the majority of variation in the volume of the cerebrum, cerebellum, thalamus, and basal ganglia was due to a single genetic factor; common environmental effects contributed significantly to the volume of the lateral ventricles, basal ganglia, and thalamus [Schmitt et al., 2007b] .
Heritability tends to decrease in total gray matter with increasing age in late childhood and adolescence, while it increased in white matter [Wallace et al., 2006] . A more recent cortical thickness analysis revealed that primary and sensory cortex show greater heritability early in development, while in dorsal prefrontal cortex and temporal lobes, heritability increases with maturation [Lenroot et al., 2009] . This suggests that the genetic effects on developmental programs for brain structures underlying complex cognitive processes become stronger through later childhood development. Multivariate analysis of this data indicates that a single genetic factor accounts for 60% of the genetic variability in cortical thickness [Schmitt et al., 2007a] .
Very little is known about genetic and environmental contributions to human brain development in the first years of life, a period which is likely to be critical in neurodevelopmental disorders including schizophrenia [Lewis and Levitt, 2002] and autism [Hazlett et al., 2005] . This is a time of dramatic growth and development of brain structure Knickmeyer et al., 2008] ; the concurrent rapid development of a wide range of cognitive and motor functions [Kagan and Herschkowitz, 2005] suggests that this may be a period in which gene-environment interactions are of great importance. There have been no imaging studies of twin brain development in early childhood. We are conducting such a longitudinal imaging study and report the results from the neonatal period.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board of the University of North Carolina (UNC) School of Medicine and Duke University Medical Center (DUMC). Mothers with same-sex twin pregnancies were recruited from the outpatient OB-GYN clinics at UNC Hospitals between 2004 and 2008 and from the OB-GYN clinics at DUMC from 2004 to 2006. Exclusion criteria included maternal HIV infection, major congenital abnormality on fetal ultrasound, and chromosomal abnormalities of fetuses. Informed consent was obtained from the parents of all subjects. Magnetic resonance imaging (MRI) scans were performed at term, $40 weeks gestational age. For zygosity testing, PCR-STR analysis of 14 loci was performed on DNA isolated from buccal swab cell collection (BRT Laboratories, Baltimore, MD).
The study sample consisted of 91 twin pairs and 35 unrelated ''singleton'' twins-twins from a twin pair in which a usable scan was not obtained from the co-twin. Two twin pairs from a single mother are included, though treated as independent pairs in the statistical analysis. Demographic and clinical variables are presented in Table I .
Image Acquisition
MRI scans were done on a Siemens 3T head-only scanner (Allegra, Siemens Medical System, Erlangen, Germany). Neonates were scanned unsedated; subjects were fed before scanning, swaddled, given ear protection, and held in place with a vacuum-fixation device for the head. A nurse was present during all scans, and heart rate and oxygen saturation were monitored with a pulse oximeter. ). Spatial resolution was 1 Â 1 Â 1-mm voxel for T1-weighted images, 1.25 Â 1.25 Â 1.5-mm voxel with 0.5-mm interslice gap for proton density/T2-weighted images. MRIs were clinically reviewed by a neuroradiologist (JKS).
Image Analysis
Brain tissue was automatically classified as gray matter, nonmyelinated white matter, myelinated white matter, and cerebrospinal fluid using an atlas-moderated iterative expectation maximization segmentation algorithm as previously described Prastawa et al., 2005] . Parcellation of the brain was achieved by nonlinear warping of a parcellation atlas template as previously described . Left and right hemispheres were subdivided into four regions along the anterior-posterior axis (prefrontal, frontal, parietal, and occipital) and into infraand supratentorial regions. The cerebellum, brainstem, and combined sets of subcortical structures are represented separately. This parcellation template is registered to each individual subject's MRI by volumetric nonlinear deformation, combined with the individual tissue segmentation masks, and results in an estimate of gray, white and CSF volume for each region along the anterior-posterior axis. The volume of the lateral ventricles was determined using a usersupervised, highly automated level-set evolution segmentation on the individual CSF probabilistic segmentation map via ITK-SNAP (http://www.itksnap.org).
Statistical Analysis
The volumetric measures were imported into the statistical package R [R Development Core Team, 2005] for visualization and for the calculation of basic statistics. QQ plots were constructed to determine whether the raw data were normally distributed. Bivariate scatterplots and linear regression also were generated to examine the relationships between brain volumes and key demographic variables. Brain measures were subsequently residualized via linear regression models to control for the effects of age at MRI scan, age at birth, and gender on mean volumes.
The data were then imported into Mx, a statistical package designed for the analysis of genetically informative multi-group data [Neale et al., 1999] . Saturated models were then used to test for group differences in means and variances (via likelihood ratio v 2 tests) and to generate maximum likelihood cross-twin correlations by zygosity. From the derived correlations, preliminary estimates of heritability were calculated using Falconer estimation [Falconer and Mackay, 1996] . Classical univariate ACE structural equation models (SEM) were then generated for all ROIs (Supporting Information Fig. 1 ). The classical twin design allows for the decomposition of phenotypic variance into variance due to additive genetic (A), shared environmental (C), and unique environmental (E) sources [Neale and Cardon, 1992] . Such estimates are possible due to the differences in the degree of genetic similarity between monozygotic (MZ) and dizygotic (DZ) twin pairs; whereas MZ twins are genetically identical, DZ twins share, on average, only half of their genes identical by descent. SEMs are preferable to Falconer estimation for several reasons, including (1) they incorporate the level of precision in MZ and DZ correlations into the estimates of heritability, which is particularly important when there are group differences in sample size, (2) they allow data from singleton twins to be included in the analysis, which improves the precision of phenotypic variance estimates, and (3) they allow for straightforward hypothesis testing and generation of confidence intervals on parameters of interest. As noted in Panizzon et al. variance between MZ and DZ twin pairs can cause divergence between Falconer and Maximum Likelihood estimates (MLE). In addition, when the DZ twin correlation is less than half that of the MZ twins, Falconer estimates are typically inflated relative to maximum likelihood (indeed, it is possible to observe a falconer's estimate greater than one, which cannot happen with maximum likelihood estimation). These two effects likely explain the differences between the two sets of estimates; the MLEs are generally to be preferred. To decompose the phenotypic variance, we constructed SEMs of expected variance-covariance matrices for each ROI. Three variance components parameters were estimated that quantified the relationship between A, C, E, and the observed volumetric measures. The proportion of variance due to each component was then derived (a 2 , c 2 , and e 2 , respectively) by dividing each variance component by the total phenotypic variance. Optimum model fit was determined using maximum likelihood [Edwards, 1972] , which produces unbiased parameter estimates and allows the identification of statistically significant parameters in the model [Neale and Miller, 1997] . Statistical significance of variance components was determined by comparing the likelihood from models with or without the parameter; the difference in À2 times the log likelihood (À2 LL) asymptotically follows a 50:50 mixture of zero and v 2 distribution with one degree of freedom. Likelihood ratio 95% confidence intervals also were calculated for all variance components [Neale and Miller, 1997] .
RESULTS
Both qualitative and quantitative tests suggested that the population distribution of most ROIs approximated a normal distribution, with the notable exceptions of the corpus callosum and lateral ventricles. Similarly, there were no statistically differences in means and variances between MZ and DZ twins for most structures, except the lateral ventricle and corpus callosum. Group means and variances are presented in Table II . Cross-twin correlations and Falconer's estimates are presented in Table III . In general, MZ twin pairs had substantially increased correlations Table IV , which includes estimates of genetic and shared environmental effects on the variation of intracranial volume (ICV), lateral ventricle volume, and cerebellum volume, as well as total, cortical, and regional gray and white matter volumes. Overall, there was high heritability of ICV and global tissue volumes. The heritability of total (0.85) and cortical (0.85) unmyelinated white matter volume was higher than that of total (0.56) and cortical (0.58) gray matter. There was a relatively small contribution of common environmental factors to global tissue volumes, though the contribution of the common environment to total (c 2 ¼ 0.29) and cortical (c 2 ¼ 0.27) gray matter volume was greater than that for total (c 2 ¼ 0.05) and cortical (c 2 ¼ 0.05) unmyelinated white matter.
Of note, there was high heritability of lateral ventricle volume in the neonatal period (0.71) and low heritability of total cerebellum volume (0.17). The cerebellum had a significant common environment contribution to volume (c 2 ¼ 0.62). We previously found a posterior to anterior gradient in cortical gray matter growth in the neonatal period, with robust growth of gray matter in the occipital and parietal regions and much slower growth in the frontal and prefrontal regions . By combining the left and right superior and inferior parcellations of a region into one overall regional parcellation (Table IV; Fig. 1 ), there was a regional difference in heritability of gray matter growth with posterior regions more heritable than frontal regions: occipital gray matter (0.57), parietal gray matter (0.65), frontal gray matter (0.31), and prefrontal gray matter (0.30). Heritability of unmyelinated white matter was similar across the cortical regions.
Heritability of gray and unmyelinated white matter within the cortical box parcellation is depicted in Supporting Information Figure 2 . Parameter estimates and tests of the statistical significance are presented in Supporting Information Table I . For gray matter, heritability ranges from 0.10 to 0.68, with generally higher heritabilities in the left hemisphere. This is consistent with the higher heritability of left (0.71) compared to right (0.44) total cortical gray matter. For unmyelinated white matter, heritabilities were generally higher than for gray matter and ranged from 0.28 to 0.79. There was no clear hemispheric difference, consistent with the similar heritablities of left (0.79) and right (0.82) total cortical unmyelinated white matter.
DISCUSSION
To our knowledge, this is the first twin study of neonatal brain structure and offers many interesting findings with respect to the genetic and environmental contributions to very early brain development. By comparing our results to previous studies in older children and adults, this study also offers insights into how genetic and environmental factors act over the course human brain development. Changes in heritability, the ratio of genetic variance to total variance, can be the result of a change in genetic or environmental variance.
Overall, we observed high heritabilities of ICV (0.73) and total white matter (0.85) in the neonate, similar to that observed in older children (0.89 and 0.85; Wallace et al. [2006] ) and adults (0.90 and 0.88; Baare et al. [2001] ). Studies in older children and adults find that gray matter has somewhat less heritability than white matter, a similar pattern is observed in neonates. We found that the heritability of total gray matter in the neonatal period (0.56) is somewhat less than has been observed in older children (0.82; Wallace et al. [2006] ) and adults (0.82; Baare et al. [2001] ). In the first 2 years of life, cortical gray matter volume increases 149% [Knickmeyer et al., 2008] , consistent with [Glantz et al., 2007; Huttenlocher and Dabholkar, 1997 ]. It appears that the gray matter heritability increases between the neonatal period and older childhood. Intriguingly, the heritability of general cognitive ability also increases from childhood to young adulthood [Haworth et al., in press] .
As it has been demonstrated that general cognitive ability and gray matter volume are correlated in adult twins [Thompson et al., 2001] and that this correlation is due to genetic factors [Posthuma et al., 2002] , the increasing heritability of cognitive ability may coincide with increasing heritability of gray matter volumes with age. There was a posterior to anterior gradient of gray matter heritability with posterior regions more heritable than frontal regions: occipital GM (0.57), parietal GM (0.65), frontal GM (0.31), and prefrontal gray matter (0.30). In the neonatal period, cortical gray matter volumes increase rapidly in the parietal and occipital regions, with much less growth in the frontal and prefrontal regions . This is consistent with regional variation in synapse development [Huttenlocher and Dabholkar, 1997] and the development of functional sensory and motor systems before executive function systems in the infant. The higher heritabilities of gray matter in the rapidly growing occipital and parietal regions compared to the frontal and prefrontal regions as well as the overall increase of gray matter heritability from the neonatal period to late childhood indicates that genetic influence increases as gray matter develops. This is consistent with the study of Lenroot et al. [2009] that found heritabilities of cortical thickness increased from late childhood through adolescence and that earlier maturing primary sensory regions had higher heritabilities than later maturing regions associated with complex cognitive processes. However, Wallace et al. [2006] found that the heritability of overall cortical gray matter volume decreased with increasing age in this cohort.
We also found evidence of greater heritability of gray matter in the left hemisphere (0.71) compared to the right hemisphere (0.44); there was little difference in heritability of white matter between the left (0.79) and right (0.82) hemispheres. In the neonatal period, left hemisphere gray matter volume is about 4.6% larger than the right, whereas white matter is only 1.2% greater in the left hemisphere . In older children, the right hemisphere is larger than the left, and in adults, the right is only modestly larger (0.19%; Gur et al. [1999] ). In adults, there is little difference in the heritability of hemispheric volume (left/right: 0.67/0.64; Geschwind et al. [2002] ). This also suggests that for gray matter, higher heritability is associated with growth and maturation. In contrast to gray matter, white matter volumes exhibit similar heritability in neonates, older children, and adults. We also observed no overall regional differences in heritability of unmyelinated white matter volume. Most white matter in the neonatal period is unmyelinated . Although Wallace et al. [2006] found white matter volume heritability increased with age in childhood and adolescence, overall heritability appears to be highthroughout postnatal development into adulthood. Overall, white matter volume may be less moderated by environmental influences through development; the ''hard wiring'' of the brain (as much as this reflected in white matter volumes) may be genetically determined from a very early age. Total volume is a crude measure of maturation; therefore, we have obtained diffusion tensor imaging in this cohort and will be able to study genetic and environmental contributions to white matter tract maturation and myelination.
The high heritability of lateral ventricle volume in the neonatal period is of interest and contrasts with the low heritability found in older children and adults (reviewed in Schmitt et al. [2007a] ). The volume of the lateral ventricle increases a remarkable 280% in the first year of life while total brain volume increases about 100% [Knickmeyer et al., 2008] . Our findings suggest that the volume of the lateral ventricle is genetically determined in early development, but becomes more influenced by environmental factors through postnatal development. Interestingly, recently, a twin study of ventricle shape in young adults found low heritability of overall lateral ventricle volume, but more genetic influence in earlier-maturing occipital horns compared to the later-maturing frontal horns [Chou et al., 2009] . It has been suggested that candidate genes might be best detected in periods where heritability for the phenotype of interest is high [Haworth et al., in press ]. This would suggest that the neonatal period would be a particularly powerful period in which to look for genetic effects on ventricle volume.
Prenatal ventricle size on ultrasound is predictive of neonatal ventricle volume , and we have argued that prenatal ventricle volume is a early marker of risk for neurodevelopmental disorders [Gilmore et al., 1998 ]. Our finding of high heritability of neonatal lateral ventricle volume supports this notion. Although heritability of lateral ventricle volume is low in adults, the shape is more similar in MZ compared to DZ twins [Styner et al., 2005] . We are currently studying the heritability of ventricle shape in this cohort as well.
We also found very low heritability (0.17) of cerebellum volume in the neonatal period. Studies in adults find high heritability (>0.60) of cerebellar volume [Posthuma et al., 2000; Wright et al., 2002] . In late childhood and adolescence, the heritability estimate is somewhat lower at 0.49 [Wallace et al., 2006] , though in a recent study of 9-yearolds heritability of the cerebellum was estimated to be higher at 0.88 [Peper et al., 2009] . The volume of the cerebellum increases dramatically in the first year of life-240%, by 15% more in the second-year old life [Knickmeyer et al., 2008] and does not change during later childhood and adolescence [Giedd et al., 1996 ]. It appears that heritability increases with growth of volume in the cerebellum. The cerebellum was also the only major brain region to show a significant influence of the common environment. This could reflect this structure's heightened susceptibility to environmental insults such as alcohol, lead, and anoxia [Welsh et al., 2002] .
In this cohort, we previously found that in the prenatal period, overall brain size determined by ultrasound was similarly discordant in MZ and DZ twin pairs, suggesting that variation in placental blood flow and other prenatal r Twin Study of Neonatal Brain Structure r r 7 r factors had a significant effect on MZ twin brain sizes [Mukherjee et al., 2009] . Interestingly, in the first weeks of life after birth, MZ twin brain sizes become much less discordant, indicating a ''normalization'' of genetically controlled developmental trajectories in the absence of the constraints of the prenatal environment.
The increase of heritability of gray matter volume and cerebellum volume over the course of postnatal brain development may be examples of ''canalization,'' recently discussed in relation to twin studies of brain structure by Lenroot and Giedd [2008] . The heritability of a structure will increase as various genetic programs act over development. The mature phenotype is relatively resistant to typical environmental influences as long as necessary environmental factors are present. Under normal conditions, environment influences may shape the trajectory, though the endpoint of the mature phenotype remains highly heritable.
CONCLUSION
This study provides new information about genetic and environmental contributions to brain structure in the neonatal period. In addition, inferences about how these contributions change over the course of development can be made by comparison of these results with twin studies of brain structure in older children and adults. Three general patterns are observed depending on the brain structure. The heritability of white matter volume is high in the neonatal period and is similar across development. For cortical gray matter volume and especially cerebellum volume, heritability increases with development. In contrast, the heritability of lateral ventricle volume is high at birth and decreases substantially through adulthood.
Future studies are needed to more carefully define the evolution of genetic and environmental effects over the course of childhood brain development. We are currently conducting longitudinal follow-up of this cohort at ages 1 and 2 years and beyond.
